A general strategy is presented here for producing glycan-free forms of glycoproteins without loss of function by employing apolar-to-polar mutations of surface residues in functionally irrelevant epitopes. The success of this structure-based approach was demonstrated through the expression in Escherichia coli of a soluble 11 kDa adhesion domain extracted from the heavily glycosylated 55 kDa human CD58 ectodomain. The solution structure was subsequently determined and binding to its counter-receptor CD2 studied by NMR. This mutant adhesion domain is functional as determined by several experimental methods, and the size of its binding site has been probed by chemical shift perturbations in NMR titration experiments. The new structural information supports a 'hand-shake' model of CD2-CD58 interaction involving the GFCCЈCЈЈ faces of both CD2 and CD58 adhesion domains. The region responsible for binding specificity is most likely localized on the C, CЈ and CЈЈ strands and the C-CЈ and CЈ-CЈЈ loops on CD58.
Introduction
The human cell surface receptor CD58, also known as the lymphocyte function-associated antigen 3 (LFA-3), is the counter-receptor for the T-lymphocyte surface receptor CD2 (Seed, 1987; Selvaraj et al., 1987; Springer et al., 1987; Wallner et al., 1987) . The initial binding of human CD58 to CD2 facilitates the adhesion between T lymphocytes and antigen-presenting cells (APC), and between cytolytic T cells, natural killer (NK) cells and their target cells (Siliciano et al., 1985; Dustin et al., 1987a; Plunkett et al., 1987; Moingeon et al., 1989) . In addition, specific interactions between CD58 and CD2 play an important role via a CD2-mediated co-stimulatory pathway during T-cell activation and proliferation (Meuer et al., 1984; Koyasu et al., 1990; Schraven et al., 1990; Semnani et al., 1994; Teunissen et al., 1994; Wingren et al., 1995; Gollob et al., 1996) . It has been shown that the CD2-CD58 interaction can reverse T-cell anergy (Boussiotis et al., 1994) , and the blockade of CD2-CD58 interaction (Kaplon et al., 1996; Sultan et al., 1997) and/or modulation of the CD2 co-stimulatory pathway (Qin et al., 1994; Hirahara et al., 1995; Sido et al., 1996 Sido et al., , 1997 can result in prolonged tolerance towards allografts. Thus, the structural studies of CD2-CD58 interaction have important implications for understanding protein-protein interaction and signal transduction as well as practical significance for establishing novel immunosuppressive modalities.
The 179-residue ectodomain of human CD58 consists of two extracellular immunoglobulin-like domains anchored to the membrane through either a transmembrane segment or a glycosyl phosphatidylinositol (GPI) linker (Dustin et al., 1987b; Wallich et al., 1998) . The 95 residue membrane-distal N-terminal domain of CD58 (1dCD58) is entirely responsible for the adhesion to CD2. Although structural details of the human CD2 adhesion domain have been available through both NMR and X-ray crystallography studies (Withka et al., 1993; Bodian et al., 1994; Wyss et al., 1995) , modeling of the CD2-CD58 interaction has been hindered by the lack of structural knowledge about the CD58 adhesion domain. The overall fold of the CD58 adhesion domain was predicted to be an immunoglobulin variable domain fold, and the ligand-binding site was mapped to the GFCCЈCЈЈ face, similar to the adhesion domain of CD2 according to mutagenesis studies (Arulanandam et al., 1994; Osborn et al., 1995) . However, the details about the amino acid residues involved in binding still await the experimental determination of the CD58 structure.
Human cell surface receptors, including CD58, are often modified by glycosylation that significantly increases structural complexity as well as overall molecular weight. The mature form of human CD58 is heavily glycosylated, with the carbohydrates accounting for 40-70% of the total molecular weight. The adhesion domain of CD58 alone contains three glycosylation sites, but the deglycosylated form has a mol. wt of 11.2 kDa, a size suitable for NMR spectroscopic studies. Deglycosylated proteins produced by endoglycosidase digestion can become unstable or inactive, and glycan-free proteins produced by bacterial expression are often insoluble and difficult to refold. Thus far, functional full-length and truncated CD58 constructs can only be expressed in mammalian cells. The problem of how to increase the stability and solubility of deglycosylated forms of glycoproteins in general is crucial for structural studies by NMR spectroscopy and X-ray crystallography. We report here the construction of a functional mutant adhesion domain of human CD58 using a structure-based rational mutagenesis strategy. This approach allows us to study the CD58 binding function using a soluble 11.2 kDa glycan-free adhesion domain Fig. 1 . Amino acid sequences for sheep 1dCD58, human 1dCD58 and 1dCD2. Conserved residues between sheep and human CD58 are shaded, while residues identical among all three sequences are boxed. The β-strands of human 1dCD58 and 1dCD2 are indicated based on NMR structural data. Mutant residues in human 1dCD58 6m are noted above the wild-type sequence. Residues implicated in human CD2-CD58 binding by mutagenesis studies are marked with circles (Peterson and Seed, 1987; Arulanandam et al., 1993b Arulanandam et al., , 1994 Osborn et al., 1995) . Residues of 1dCD58 6m shown to undergo significant chemical shift perturbation upon binding (index Ͼ0.5) are concentrated mostly on the C, CЈ and CЈЈ strands and their connecting loops (marked by * symbols). For details, see text.
instead of a 55 kDa native glycosylated CD58 ectodomain. The high expression level of this glycan-free mutant in Escherichia coli enabled 15 N and 13 C isotopic labeling that greatly facilitated the structural determination and binding studies by NMR methods. Moreover, the strategy utilized here may be generally applicable for studies of many glycoproteins.
Results

Design and production of 1dCD58 6m
The glycan-free wild-type 1dCD58 expressed from E.coli has a very low refolding efficiency and poor solubility. We reason that the absence of the carbohydrates leads to reduced protein solubility and aggregation, which could be compensated by apolar-to-polar substitutions of the surface-exposed hydrophobic residues. The adhesion domains of CD58 and CD2 both belong to the immunoglobulin variable domain superfamily and share 20% sequence homology at the amino acid level (Figure 1 ). Based on the solved structures of the adhesion domain of human CD2 (1dCD2) (Wyss et al., 1995) , a molecular model of wild-type 1dCD58 has been constructed (Arulanandam et al., 1994) . The results of alanine scanning (Arulanandam et al., 1994; Osborn et al., 1995) suggest that the CD2-binding epitope on CD58 can be mapped to the GFCCЈCЈЈ face analogous to the CD58-binding site of CD2 (Arulanandam et al., 1993b; Somoza et al., 1993) . Accordingly, five surface-exposed hydrophobic residues that are not involved in the binding function initially were identified from a total of 33 hydrophobic residues (excluding proline and glycine) in 1dCD58 ( Figure 2A ). Our strategy has been to replace these residues with 2942 charged and polar residues or glycine. Surface residues were also substituted by more hydrophilic ones that are present in the sheep CD58 sequence (Figure 1 ), as this homologous protein also binds to human CD2. The favorable substitutions inferred from sheep CD58 include Val21→Gln and Thr85→Ser (by eliminating a hydrophobic methyl group). The mutations of the remaining surface-exposed hydrophobic residues include: Phe1→Ser, Val9→Lys (with the possibility of forming a salt bridge with Glu94), Val58→Lys (forming a salt bridge with Asp56) and Leu93→Gly (with the additional benefit of more flexibility in the backbone to stabilize a potential salt bridge between Lys9 and Asp94). Altogether, the design of this soluble mutant adhesion domain of human CD58 contains six mutation sites ( Figure 2B ), all of which are predicted to lie outside the CD2-binding region.
This mutant adhesion domain of CD58 (1dCD58 6m ) was expressed as inclusion bodies from E.coli, and purified subsequently after refolding. High pH and a high concentration of arginine in the refolding buffer are key to refolding efficiency. The final yield of the soluble 1dCD58 6m protein is 60 mg/l of cell culture, using a defined minimal medium containing NH 4 Cl and glucose as the sole nitrogen and carbon source to facilitate isotopic labeling for NMR studies. Although the estimated pI value for 1dCD58 6m is as low as 5.1, the solubility of this mutant protein is relatively low at neutral pH (~3 mg/ml), but increases to 20 mg/ml (~1.8 mM) at pH 9.0. In addition, the protein is unfolded under acidic conditions. Since high pH causes increased amide proton exchange which complicates NMR experiments, as a compromise, the NMR samples were prepared at pH 7.5 in 10 mM NaPO 4 , with protein concentrations at 7 mg/ml (0.6 mM). . Space-filling structural models for (A) a homology model of the wild-type adhesion domain of CD58 depicting surface-exposed hydrophobic residues and (B) the NMR structure of 1dCD58 6m depicting mutation sites. The molecules are viewed edge-on, with β-strands A and B directly in the front. Proline and glycine residues are colored in yellow, other hydrophobic residues in green, mutation sites in red, and putative glycan attachment positions in blue. The graphs were prepared using GRASP (Nicholls et al., 1991) . 
Solution structure determination by NMR
The solution structure of 1dCD58 6m was solved by performing heteronuclear multi-dimensional NMR experiments with procedures described previously (Matsuo et al., 1997; Walters et al., 1997) . The backbone traces of 20 calculated NMR structures of 1dCD58 6m are shown in Figure 3 . The adhesion domain of CD58 consists of nine β-strands forming two parallel β-sheets, in agreement with previous predictions (Arulanandam et al., 1994; Osborn et al., 1995) . The β-sheet at the front where the ligandbinding site is located consists of strands A, G, F, C, CЈ and CЈЈ with residues 3-8, 86-93, 74-78, 26-30, 33-39 and 42-45, respectively . The β-sheet at the back consists of strands B, E and D with residues 12-15, 62-65 and 53-55, respectively. All the strands in the β-sheets run antiparallel to each other except A and G. In addition, the 2943 CЈЈ-D loop contains a short three-residue helical turn structure consisting of residues 49-51 (Figures 3 and 4A ).
Several major structural differences exist between 1dCD58 6m and 1dCD2 (Withka et al., 1993; Bodian et al., 1994; Wyss et al., 1995) , although both adopt the same immunoglobulin variable domain fold ( Figure 4A and C). First, the F-G loop in CD58 is shortened by four residues, and the β-bulge found in the G strand of CD2 is absent, creating a large depression on top of the G, F and C strands. Secondly, the lengths of the G, F and C strands are shorter than in CD2, while the CЈ strand is extended to include a small β-bulge at Lys34. Thirdly, the C-CЈ loop of CD58 is shortened by two residues, and the CЈЈ strand is more twisted towards the side. Taken together, the GFCCЈCЈЈ face of CD58 containing the ligand-binding site is not as flat as that of CD2, but rather subdivided Ribbon diagrams of (A) 1dCD58 6m , (B) homology model of wild-type 1dCD58 and (C) NMR structure of the wild-type adhesion domain of human CD2 (Withka et al., 1993; Bodian et al., 1994; Wyss et al., 1995) . The graphs were prepared using MOLSCRIPT (Kraulis, 1991). into two smaller GF and CCЈCЈЈ faces joining to form a 150°angle. The differences in the lengths of the corresponding β-strands also suggest more flexibility in the FG area and more rigidity in the CCЈCЈЈ area in CD58 compared with CD2. In addition, the CЈЈ-D loop is three residues longer in CD58, and contains a short threeresidue helical structure not present in CD2.
CD2 binding studies
A series of biochemical experiments confirmed that the glycan-free 1dCD58 6m has the correct structural conformation and retains the adhesion function of the wild-type protein. First, 1dCD58 6m was found to co-immunoprecipitate with TS2/9, a monoclonal antibody recognizing epitopes on the binding surface (FGCCЈCЈЈ face) of the wildtype human CD58 (Dengler et al., 1992) . Secondly, the binding of the two adhesion domains can be clearly shown by incubating 1dCD58 6m with a hex-histidine-tagged human CD2 adhesion domain 1dCD2 r1 attached to Ni 2ϩ beads. After washing away excess unbound 1dCD58 6m and eluting with 0.5 M imidazole, two bands migrating at~11 and 12.5 kDa molecular weights can be visualized on an SDS denaturing gel. Thirdly, the adhesion function of 1dCD58 6m is demonstrated further in a rosetting experiment using the procedure described by Moingeon et al. (1989) , where the clustering (rosetting) of sheep red blood cells (SRBC) (expressing sheep CD58) around T-cell hybridomas expressing human CD2 can be blocked by the addition of 1dCD58 6m . This binding assay indicates that 50% inhibition of the cell rosetting can be achieved at a 1dCD58 6m concentration of 0.25 μM, a binding strength comparable with that of the wild-type interaction (0.4 μM) (Sayre et al., 1989) . In addition, preliminary results from an isothermal titration calorimetry study of interaction between 1dCD58 6m and 1dCD2 r1 indicate an equilibrium dissociation constant K D of the order of 0.2 μM (unpublished data), consistent with the results from the rosetting experiment.
The submicromolar binding affinity of the glycan-free 1dCD58 6m with CD2 enabled us to perform NMR binding experiments to study structural features of the CD2-CD58 interaction. The 15 N-1 H heteronuclear single quantum correlation (HSQC) spectra of three samples were recorded at 25°C for uniformly 15 N-labeled 1dCD58 6m in the uncomplexed form, 50% complexed, i.e. by mixing [ 15 N]1dCD58 6m with the unlabeled adhesion domain of CD2 (1dCD2 r2 ) at a 2:1 molar ratio, and 100% complexed with excess unlabeled 1dCD2 r2 ( Figure 5A ). New resonance peaks from the backbone amide groups of [ 15 N]1dCD58 6m complexed with 1dCD2 r2 emerge, and peak intensities from the uncomplexed 1dCD58 6m decrease as a function of increasing 1dCD2 r2 concentration (e.g. resonances from Asp33 and Ala45 in Figure 5A ). The appearance of doublets from both complexed and uncomplexed [ 15 N]1dCD58 6m in the 50% complexed sample indicates slow NMR exchange kinetics (e.g. resonance from Asp84 in Figure 5A , middle section). The dissociation rate (k off ) of the 1dCD2 r2 -1dCD58 6m complex is estimated to be 7/s as derived from an exchange line broadening of 2.1 Ϯ 0.4 Hz. This direct measurement of k off is in agreement with the value (Ͼ5/s) estimated from using surface plasmon resonance . It is interesting that a similar NMR study suggests a much faster dissociation rate for the complex of the adhesion domains of rat CD2 and CD48 (McAlister et al., 1996) , which is consistent with the fact that the binding strength of the human CD2-CD58 interaction is Ͼ10-fold greater than that of the rat CD2-CD48 interaction (van der Merwe et al., 1993; Davis et al., 1998) , and at least two orders of magnitude greater than that of the human CD2-CD48 interaction (Arulanandam et al., 1993a) .
Discussion
In this study, we show that the need for glycosylation of a functional CD58 adhesion domain can be eliminated entirely by hydrophobic-to-hydrophilic mutations of a small subset of surface residues in regions that are not relevant for receptor recognition. Our homology modeled structure of 1dCD58 for selecting mutation sites (Arulanandam et al., 1994) agrees reasonably well with the experimentally determined NMR structure of 1dCD58 6m ( Figure 4A and B) , with an average backbone root-meansquare deviation (r.m.s.d.) of 1.7 Å from the mean NMR structure. The surface exposure and environment of the six mutation sites in 1dCD58 6m are similar to those predicted from the homology model (Figure 2) . Overall, our strategy of replacing the surface-exposed hydrophobic residues with more hydrophilic ones was successful in increasing the solubility of a glycan-free 1dCD58. Although similar approaches have been reported previously to increase the solubility of single chain T-cell receptor and antibody 4-4-20 fragments (Novotny et al., 1991; Nieba et al., 1997) , to the best of our knowledge, this is the first application towards compensating the effects of the removal of carbohydrates in glycoproteins. The design of this functional CD58 adhesion domain was achieved through a single step. The contribution of individual mutations awaits to be assessed in future experiments, and additional mutations of other partially exposed hydrophobic residues may be employed to increase the protein solubility further.
Detailed structural information about protein-binding sites can be obtained from NMR binding studies (Otting, 2945 (Otting, 1993 Fejzo et al., 1994; Osborne et al., 1997 ). The regions in 1dCD58 6m that show the most significant chemical shift perturbation include the C, CЈ and CЈЈ strands, and the C-CЈ and CЈ-CЈЈ loops ( Figure  5B ). Six residues on the F and G strands and the F-G loop also show chemical shift perturbations to a lesser extent. Among them, the amide protons of Glu74 and Glu76 are hydrogen bonded to the C strand, while Ser79, Ile82, Met86 and Phe88 all have buried side chains, suggesting indirect binding effects. Residues with strong (index Ͼ1.0) and medium (index Ͼ0.5) chemical shift perturbations upon binding are compared with previous mutagenesis data of wild-type CD58 (Arulanandam et al., 1994) (Figure 6A and B) . The common set of residues implicated from both results include Glu25, Lys29, Lys32, Asp33 and Lys34 on the C and CЈ strands and the C-CЈ loop. In contrast, previous mutagenesis data suggest that the residues determining CD58-binding specificity on CD2 are probably located on the upper half of the GFCCЈCЈЈ face ( Figure 6D) . However, the comparison of amino sequences of human and sheep CD58 (both bind to human CD2) suggests that while the residues in the C and CЈ strands and the C-CЈ loop are mostly conserved, the CЈ-CЈЈ and F-G loops on the upper half of the GFCCЈCЈЈ face are among the least conserved regions (Figure 1) . The specific roles of the charged residues in these regions are discussed below.
It is well known that the charged residues on the GFCCЈCЈЈ faces of both human 1dCD2 and 1dCD58 play an important role in their binding function (Arulanandam et al., 1993b (Arulanandam et al., , 1994 Somoza et al., 1993; Osborn et al., 1995; Davis et al., 1998) . The electrostatic potential surface maps of 1dCD58 6m and wild-type 1dCD2 show that the upper half of the binding face on CD58 is Fig. 6 . Mapping of the CD2-binding site on CD58. The panel at the top shows the ligand-binding face of 1dCD58 6m with (A) residues that show strong (index Ͼ1.0, in red) and medium (index Ͼ0.5, in yellow) chemical shift perturbation upon binding to CD2, and (B) residues that are implicated in CD2 binding (in red) or without effect (in green) based upon alanine scanning mutagenesis, as derived from Arulanandam et al. (1994) . The panel at the bottom shows the surface maps of electrostatic potential on the ligand-binding faces of (C) 1dCD58 6m and (D) wild-type 1dCD2 (Withka et al., 1993; Bodian et al., 1994; Wyss et al., 1995) . Negatively charged regions are colored in red, positively charged regions in blue. Residues implicated in binding by previous mutagenesis studies are marked to illustrate the putative binding sites, as derived from Peterson and Seed (1987) , Arulanandam et al. (1993b Arulanandam et al. ( , 1994 and Osborn et al. (1995) . The graphs were prepared using GRASP (Nicholls et al., 1991) . particularly negatively charged, complementing the right half of the binding face on CD2, which is positively charged (Figure 6C and D) . A homology model of sheep 1dCD58 (with 50% sequence homology) based on the solved NMR structure of human 1dCD58 6m shows that the electrostatic potential maps of both binding surfaces are nearly identical. Six of the nine negatively charged residues on the GFCCЈCЈЈ face of human 1dCD58 are conserved or preserved as negatively charged residues in sheep 1dCD58. Five of these residues, Glu25, Glu37, Glu39, Glu76 and Glu78, are clustered around a concave region that is absent in the CD2 structure due to the presence of a β-bulge on the G strand; but only Glu37 shows a strong effect of disrupting CD2 binding by alanine scanning (Arulanandam et al., 1994) (Figure 6B and C) . Thus, in contrast to the residues around the C-CЈ loop that are more crucial for ligand recognition (Figure 6B ), the negatively charged residues in or around this concave region on CD58 may have additional roles. First, concentrated same-charge residues could enhance long-range electrostatic interactions to guide the docking of the two counter receptors. Furthermore, the clustering of hydrophilic residues with the same type of charge induces unfavorable electrostatic repulsion and also significantly reduces the degree of solvation compared with a fully exposed and well-dispersed arrangement. Thus, these negatively charged residues concentrated in or around this concave region on CD58 may contribute a substantial amount of binding energy by replacing the surrounding solvent water molecules with more favorable electrostatic interactions when buried in the interface of a CD2-CD58 complex.
Our findings support a 'hand-shake' binding model, in which the CD2 and CD58 adhesion domains approach each other from opposite ends in an orthogonal orientation, similar to the dimer contact found in the human and rat CD2 crystal structures (Jones et al., 1992; Bodian et al., 1994) . In this binding mode, the right half of their GFCCЈCЈЈ binding face (C, CЈ and the C-CЈ loop) is roughly contacting the upper half (F-G loop region) of its partner. The lack of a large hydrophobic surface and the strong electrostatic interaction at the protein-binding sites appear to be the principal factors determining the CD2-CD58 binding affinity and kinetics. The 0.25 μM binding constant and 7/s dissociation rate suggest a fast association rate. These characteristics are remarkably well suited for CD2 and CD58 receptors to initiate and maintain dynamic contacts between T lymphocytes and NK cells and their targets. For comparison, the affinity between human CD2 and human CD48, a second ligand for CD2, is extremely low and unable to support cell-based adhesion (Arulanandam et al., 1993a) . On the other hand, a CD58 gene has not yet been found in mouse and rat, and the only counter-receptor for CD2 identified so far is CD48. It is therefore likely that CD58 has evolved in a later stage of evolution as a result of gene duplication from CD48 to become a dedicated counter-receptor for CD2 (Wong et al., 1990; Arulanandam et al., 1993a) . The study of different complexes of CD2 with their ligands can be used for modeling protein interaction by detailing the contribution of individual residues at the binding site in terms of binding specificity and/or kinetics. The unique involvement of a large percentage of charged residues in CD2-CD58 binding could be exploited to study the effect of electrostatic interactions on binding affinity by mutants designed from protein engineering.
In summary, we have shown that the requirement for glycosylation for the adhesion function of human CD58 can be eliminated by judicious hydrophobic-to-hydrophilic mutations of surface residues that are non-essential for recognition function. Introduction of six mutations in a single design step made possible expression in E.coli of a functional and highly soluble CD58 adhesion domain, for which a solution structure could be determined. The glycan-free 1dCD58 6m forms a tight and highly soluble complex with 1dCD2 showing slow NMR exchange kinetics. Comparison of surface properties of 1dCD58 6m and the adhesion domain of human CD2, together with results from NMR binding experiments, reveal a shape and charge complementarity, and support a 'hand-shake' model for the CD2-CD58 interaction that relies mainly on electrostatic interactions. The approach of substituting the solubilization function of glycans with hydrophobicto-hydrophilic mutations may be generally applicable to produce and study other functional deglycosylated forms of glycoproteins that suffer from solubility problems.
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Materials and methods
The DNA encoding the mutant 1dCD58 6m protein was synthesized by PCR to link eight overlapping oligonucleotides. The gene was then cloned into the pET11a vector (Novagen, Madison, WI) and expressed in E.coli BL21(DE3) strain. The mutant 1dCD58 6m was produced as inclusion bodies after induction by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 37°C. The inclusion bodies isolated from the cell lysate were dissolved in 6 M guanidine HCl, and refolded by a simple two-step dilution procedure using 0.8 M arginine, 20 mM EDTA, 0.2 M Tris buffer, pH 9.5. Large misfolded aggregates were removed by passing purified protein through a Superdex-75 gel filtration column (Pharmacia, Piscataway, NJ). Two variant adhesion domains of human CD2 were constructed both containing three mutations, Lys61→Glu, Phe63→Leu and Thr67→Ala, to compensate for stability in the absence of glycans (Wyss et al., 1995) , and will be reported elsewhere. The mutant 1dCD2 r1 contains a hex-histidine tag at the C-terminus, while 1dCD2 r2 used in the NMR binding studies contains two extra residues Gly and Ser at the N-terminus from thrombin cleavage. These two glycan-free mutant CD2 adhesion domains expressed from E.coli are both stable and functional. TS2/9 monoclonal antibody used in the immunoprecipitation experiment is a kind gift of Dr T.A.Springer (Center for Blood Research and Harvard Medical School, Boston, MA). The cell rosetting experiment was performed using the procedure described previously (Moingeon et al., 1989) . The SRBC, purchased from BioWhittacker Inc. (Walkersville, MD), were pre-incubated for 15 min at 37°C with aminoethylisothiouronium bromide (AET) (Sigma, St Louis, MO), washed four times and resuspended 1:20 in RPMI buffer ϩ 2% fetal calf serum (FCS) (Life Technologies, Grand Island, NY). After adding 10 μl of pre-treated SRBC to 10 5 cells of a human CD2-expressing T-cell hybridoma to a final volume of 80 μl, the cells were incubated at 30°C for 5 min, spun down and incubated again at 4°C for 1 h. After gentle resuspension, they were placed on glass slides, and~200 cells were observed under the microscope; those cells with at least five SRBC bound were counted as rosette-positive.
NMR data for resonance assignments were obtained at 25°C using Bruker and Varian spectrometers with a 1 H operating frequency of 500 MHz. The protein backbone amide assignments were obtained from 15 N-NOESY-HSQC experiments, and heteronuclear 3D HNCA (Kay et al., 1990) and CBCA(CO)NH (Grzesiek and Bax, 1992) (Brünger, 1992) contain no distance violations greater than 0.3 Å, and no dihedral angle violations Ͼ5°. b Data obtained by using the program PROCHECK-NMR (Laskowski et al., 1996) . c The residues (Asn20, Gln21 and Ser47) that appear in the disallowed regions are located in the flexible loop regions where few NMR restraints are observed.
DL39 strain. Side chain assignments were obtained from HBHA(CBCA-CO)NH (Grzesiek and Bax, 1993) , CBCA(CO)NH and HCCH-TOCSY experiments (Kay et al., 1993) . Distance constraints were obtained from a 2D NOESY in D 2 O and a 3D 15 N-NOESY-HSQC experiment in H 2 O with 60 ms mixing time using a Varian Unity-Inova 750 MHz spectrometer. Additional data were obtained from HNHA (Vuister and Bax, 1993) and HNHB (Archer et al., 1991) experiments for torsion angle constraints, and 13 C-HSQC experiment using a 10% 13 C-labeled sample for stereospecific assignments of all the methyl groups (Neri et al., 1989) . NMR data processing and analysis were carried out using the PROSA (Güntert et al., 1992) , XEASY (Bartels et al., 1995) and DIANA software packages (Güntert and Wüthrich, 1991) . Structural calculation by simulated annealing was performed by using DYANA (Güntert et al., 1997) and X-PLOR software (Brünger, 1992) using 1278 NOE distance, 30 hydrogen bond and 99 dihedral angle constraints (converted by DIANA). Results of structural refinement from 20 final annealed structures (Figure 3 ) with the lowest energy calculated by X-PLOR are listed in Table I . The secondary structures were confirmed primarily by using the PROCHECK-NMR software (Laskowski et al., 1996) , and also taking into account the 1 H and 13 C chemical shift indexes (Wishart and Sykes, 1994) .
The NMR spectra of 15 N-labeled 1dCD58 6m in complex with 1dCD2 r2 were obtained on a 500 MHz Bruker spectrometer. The exchange rate between the complexed and uncomplexed 1dCD58 6m is slow on an NMR time scale. The resulting additional exchange line broadening (δΔν) is related to the exchange rate k ex by: k ex ϭ π·δΔν (Cavanagh et al., 1996) , provided that the separation of the two peaks in exchange is much greater than δΔν. Out of 38 resonance peaks of the complexed 1dCD58 6m that are well resolved from the uncomplexed 1dCD58 6m (roughly corresponding to a combined chemical shift change index Ͼ0.5; see Figure 5B ), nine have been assigned unambiguously. The average value of δΔν was estimated by measuring 14 line-width differences (in the resolved 1 H and 15 N dimensions) of the corresponding nine assigned peaks from the uncomplexed 1dCD58 6m in the 50% complexed sample and the 1dCD58 6m alone sample. The dissociation rate k off of the CD2-CD58 complex is equal to k ex in this 50% complexed sample.
